In a regulated mark et large scale storage of electrica l energy, for exa mple by pumped storage, time shifts the ge nera tion of power and has been used to defer ge neration investment. In a deregul ated mark et pow er storage, wh en used for energy rath er than as a source of spinning or standby reserve or frequenc y control, is a simple economic proposition: power is purc hased during periods of low price and rege nerated and resold during period s of hig h price . In this study historica l diurn al price pattern s in 14 deregul ated markets are ana lyzed to give an initial predi ction of the eco nomic incen tive for ene rgy storage. We rank the 14 marke ts based on avai lab le revenue and pot en tia l return on investme nt: the incenti ve to store energy vari es sig nificantly between mark ets. The differ ences betw een mark ets arise becau se of different diurnal pattern s of power price. Diurnal price patterns in turn reflec t a co mp lex set of factors in a market , including ge nerat ion mix , market design and participant behaviour s.
INTRODUCTION
Any storage of electrical power requ ires an investm ent in capita l and incur s the cos t of inefficiency, i.e. the ratio of po wer reco vered to pow er consumed. Pumped storage, in whic h water is pumped from lower to a higher water source and then later flowed from the higher source to the lower to produce electricity, is one mean s of tim e shifting, or storing, electrical pow er. It requires an investment in capit al for reservoirs, penstocks, one or more pump/turbo-gen erator s, and associated sw itching and tran sform er equipment to allow access to tran smi ssion . It consumes more power than it returns, due to ineffi cienci es in pum ping and ge nera tion. Power purchase is the most significa nt operatin g cost, with maint enan ce and oth er operating cos ts being relati vely minor.
Pumped storage has been applied in regulated power markets (see, for exa mple, the first 4 references) to better ut ilize ex isting generation ca pacity and postpone more costly investm ent in ge ne ration; the justifi cati on is a redu ction in the ove rall regulated pri ce of power compared to the alternative of investment in new primary ge ne ration. In deregulated mark ets, the sa le of e lectrical energy and /or ancillary serv ices from pump ed storage can be eva luated based on eac h individu al proj ect : given a forecast diurnal po wer and ancillary servic e price, does the revenue from the sale of power or se rv ices less the cost of purcha sed power cove r the capital recovery and other op eratin g costs?
In this study, we util ize histori cal pow er pri ce data from 14 deregul ated mark ets to assess the incentive to impl ement pumped sto rage for elec trical energy; power price pattern s in these mark ets have been analyzed by L i and F lynn . Eac h mark et has a unique average diurnal power pric e profil e that in turn lead s to a unique pri ce spread for pumped storage; each market will also have its own maximum profitable operating duration , i.e. the number of hours in which the revenu e from the sale of power is higher than the purchase cost of power required to pump the water into the reservoir; this value is a lso depend ent on the operatin g e fficie ncy of pump ed sto rage . We use the diurnal price pattern and efficiency of storage to assess the net incom e pot enti al from energy sale from pumped storage for each mark et , and rank the ma rket s in terms of the incenti ve to invest in pumped energy storage. We illustrate an optimal operating pro file in detail based on histori cal price patterns for one of the markets . We then combine the net incom e potenti al with the capita l and operating cost of pumped storage, and ana lyze the ade quacy of return on investme nt for pumped storage by two different methods. Fir st, we defin e a theor etic al min imum level of investment in w hich a ll factors align to minimize net capital cost and ca lculate the ex pec ted maximum pre-tax return on investm ent for the 14 mark ets studied. Sec ond, we det ermine the largest amount of investm ent per unit of power output that ca n be ju st ified in eac h market to ea rn a pre-tax return on ca pita l of 10% .
Deb [Referen ce 9] illu strated a bidding strategy for bot h energy and anci llary services sa les in a day ahead mark et for which all pri ces are known . Lu et al. [Referen ce 10] develop ed an optimal strategy for pumped storage , including both th e sa le of e lectrical ene rgy and anci llary services , for the New York ISO based on histori cal pri ces. We focu s on the sale of e lectrica l energy and do not include ancillary services in our comparison of the 14 deregulated mark et s because data on the pric e of ancillary services is not readily ava ilable, while pric e dat a for hourl y or half hourly electrica l energy is. In addition, the specific provisions for purchase of anc illary serv ices vary widely betw een market s and are oft en different than those for the purch ase of energy (for exa mp le, pur chase of ancillary services on a day ahea d basis in mark ets wh ere energy is purchase on an hour ahead basi s). We note, however , that any party impleme nting pumped storage would have the potential to increase their revenue in certain periods by selling anci llary services inste ad o f energy .
POWER PRICE DATA
T able I summarizes the average of hourly or half hourly price data that were ana lyze d by Li and Flynn for 14 different markets (all co st figures in thi s study are ex pres sed in 2004 USS). Tabl e 2 shows the ran ge of time ove r which the orig ina l power pri ce data was ave rage d. Ave rage prices in the local cur rency were conve rted to a sing le curren cy, USS, at the exchange rates as of October r. 2004 [Refer enc e 11], show n in Tabl e 3. Note th at dere gulated markets differ in the method by which th e predominant power pri ce is set ; in some markets it is bas ed on an hour or half hour ahead bid , while in others it is based on a binding day ahe ad bid , with a small hourly market for adjustment s in day ahead bid volumes . Price data in thi s study is the predominant price, i.e. the pric e at which mo st of the power in the given mark et is so ld. Data cleaning, de alin g wi th missin g or duplicate data points, was a min or issue, typi cally affec ting less than 0.5% of data po ints and hen ce not a sig nifica nt source of error [Re ference 5]. Fig. 1 illu strates a sample ave rage diurnal pric e patt ern for weekdays and weekends in on e market in th is study . Weekday and weeke nd price patt ern s for all mark et s in thi s study ca n be found in Reference 5. Diurnal price pattern s in dere gul ated power markets ar e created by a number of factors, including the ge neration mix and the mark et desi gn and op eration. Gen eration mix, for example the blend of hydro, nuclear , coal and gas fir ed power, will lead to significa nt shifts in the marginal bid pric e of power as dem and chan ges. Mark et design , e.g. binding day ah ead vs. hour by hour bidding, influe nces vo latility. or :';1
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ossr 09"1t" <)ef t ;:n.. . . : .~L' 9 1 9("9(' ;:6'QI 10 ·0 , 0(, 9 1~~rlz 6;:" S;: Fina lly, there is ev ide nce that the exe rcise of market power is related to the effectiveness of market survei llance mechanisms in each market. A ll of these factors he lp to create a unique daily pattern of average power prices that is different for eac h der egulated power ma rket. T he data set is dated, w ith no data points after 200 I. However, it is the only cross mar ket data set spa nning a large number of deregul ated po wer marke ts around the wo rld, and hence it is useful for illu stratin g the w ide ran ge of diurnal price patt ern s and their impact on the economics of the storage of electr ical energy . T his study is illustrative of the feas ibility of ene rgy sto rage , but one req uirement before any inve stment in storage wou ld be a review of more recen t price data in the proposed market. Fig . 2 shows a co ncept ua l layout of a pum ped storage faci lity. W he n used for energy storage, the upp er reservoir is typica lly filled on a dail y basis, usuall y in the late eve ning and early morning during periods of low po wer dem and and pr ice, and drain ed dur ing the day and early evening wh en dem and and price are high . T he maj ority of pumped storag e util izes a combin ed pum p/turbo-generator, and efficiencies, mea sure d as the power recovered per un it of power inp ut, have ranged from 0.60 in plants built during the 1960 ' s to around 0.80 in the most recent plants . Th e ratio from the electrica l input whe n pumping to the electrica l output whe n ge ne rating can range from 0.9 to 1.2. How ever th e most common mod e of oper ation of the pump /turbo-generator is at consta nt power or an input to output power ratio of I [Referen ce 14], and we ass ume this mode of operation in our study. As a conse que nce, pumping time exceeds gene rating tim e by (effic iency)" . In a deregulated mark et , an op erator does not know the sys tem clearing price for future unbid time period s, and there is ample ev ide nce of sudde n changes in power price in mark ets where bids are gat he red on an hour before basis. However, an initial assessment of the pro fitabil ity of pumped storage of energy can be based on the long term ave rage price beh avior in a market. This is va lid for a pumped storage investme nt w hose capacity is sma ll relat ive to the overa ll size of the power market. For very large or mult iple pum ped sto rage investmen ts, the storage fac ility (or any ot her investment in new ge neration) w ill have an unk nown impact on the diu rnal price pattern. A pre diction of the impact of increme nta l pumped storage on future diurna l patterns for 14 marke ts is beyo nd the scope of this study , and hence our ana lys is is based solely on historical price patterns; limitation s of th is approac h are discussed below .
SALE OF POWER FROM PUMP ED STO RAGE
T he operating strategy for pumped energy storage is to maximize the sprea d between the value of power sold and power purchased. Thu s, at 80% effi cie ncy (used fo r th e balance of this study ) an op erator would first identify the ex pec ted highest priced hour, and plan on purchasing power in the 1.25 hours w ith the lowest cost. The operator would proceed stepwise in thi s ana lysis until the cos t of purchased power in 1.25 hours excee ded the cost of power so ld in one hour, less the variable ope rating cost. Mo st di rect operating co sts assoc iated w ith pump ed storage, for example labor , are fixed rather than va riab le relative to power ge neration; eve n routine mainten ance, for exa mple, is typi call y schedu led on a fixed time interval rather than on operating hours. Hen ce , va riable op er atin g costs w ithin the plant are very low. How ever, sys te m operator s can levy transmission access and dispatch cha rges that are pur ely var iab le, i.e. tied to the nu mber of MW h of power put on the grid.
In this study we dev e lope d an ope rating plan for each market based on historica l price patt ern s; Figure 3 illustrates such a pla n for one market, Alberta , Canada. In the plan, hours of operation increase as on e progres ses down the table, and for eac h increment of time the availab le ho ur of highest priced power (gene ra tion ) and 1.25 hours of lowest co st power (pump ing) are determined . Clearly such a plan is specific to eac h mar ket and to the assumed efficie ncy; it would have to be recalcul ated if the operat ing efficiency of the pumped storage we re di fferent than 0.8. From Figure 3 and the diurn al price patt ern on e can determine bot h the average and the incremen ta l po wer sa le and purchase pri ce for eac h deregul ated mark et. T his is illus trated, aga in for the Province of Alberta, Ca nada , in Figure 4 . Incremental and cumulative aver age prices for gene r ating from and pumping into a pumped stor age facility, illu strated for Albe r ta weekday op er a tion with an efficienc y of 80'10.
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Fro m Figure 4 and the opera ting plan in Figure 3 one can then ca lculate the ex pec ted incremental and average reve nue per MWh of so ld power from ope rating pumped storage for the sa le of energy as a funct ion of dail y ope rating hours, by tak ing the differen ce in the value of power ge nerated in an hour less the cost of power for the 1.25 hours that we re required to fill the reservoir. Table 4 shows the detail s of the calculation for A lber ta, Canada, and F igure 5 illu strates graphica lly the incre menta l and average revenu e for A lbe rta, Canada; both Table 4 and Figure 5 are for wee kday power pri ces. We conducted this ana lysis for all 14 deregulated mark ets in this study for both weekday and wee ke nd power prices, and the profil es of increm ental and average reve nue fro m energy storage and sale for an efficiency of 80% for both weekday and weeke nd are show n in the Appendix. The profil e identi fies the maximum economic opera ting peri od for a pumped storage fac ility : when net revenu e is negati ve, it does not make sense to continue operating pumped storage. The profiles are, in esse nce , a signature of energy storage economics that characte rizes each market; they depend on both the diurnal power pri ce pattern and the effic iency of the energy storage project. Figur e 5 also illustrates the critica l im pact that variab le op eratin g costs, i.e. charges levied per unit of power so ld, ca n exe rt on pumped storage . Exa mp les include di spatch fees levied by a sys tem ope rator and tran smi ssion access cha rges. We studie d in detail two speci fic locati on s in Alberta: Kneehill s, a med ium head site using a natural prairi e co ulee as a reservoir by building an earthe n dam , and Grande Cache, a high head mountainou s site that would ha ve the potenti al to use existing mining pit s as reservoirs. From the perspective of the tran smi ssion system operator, on e of the se locations is far mor e favored than the oth er because it releases power into an area of net pow er consumption, and hen ce help s reli eve tran smi ssion congestion. Thi s is reflected in a different access charge between the two locat ions, and the impact, from Figure 5 , is that ope rating hours wo uld be lower for on e locati on than the other: the tran smi ssion access charge is enoug h to remove any net reve nue from ope rating past 7 hours in the case of Knee hi lls, while the Gra nd Cac he location is forecas t to make increme nta l net reve nue by ope rating for an additiona l I hour per day. (This ana lys is pres umes that at Gra nde Cache suffic ient tran sm ission capacity is ava ilab le dur ing the periods of power purc hase, e.g . during the late evening and early mo rning hours. ) Hence any prospective energy storage fac ility mu st assess location speci fic tran sm ission charges in addition to expected power price pattern s. --Inc rem en ta l re ve n u e USS /MWh --Averag e re ve nu e U S S/MW h ._.__ . Gra nde Ca c he va ria b le o pera ting cos t --.. K nee hi ll s va riabl e ope ra ti ng co st 120 O-+==r-'"+--"'-T=-'-i~T-"-"+-,,-=r-""'"'i",,,-=;~r=T----r-~--'-i-~ri,i--"--;-=""'+="T"'-"ie="'i <:>'0 <:> ,,'0 ' )-<:> ' )-1>< ",<:> ",'Y 1><<:> 1><' 0 <,<:> <,'<> '0<:> ' 01>< '\ (,) '\ 'Y '0<:> '0'0 q,. q,.
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T his data allowed us to fina lly calc ulate, for each of the mar kets, the aggre ga te inco me from op erating pumped storage . We blend an ave rage of five weekdays and two weeke nd days and ra nk the deregul at ed markets by dai ly reve nue potential, as shown in Ta ble 5. For eac h market we also ca lculated the annua l ave rage revenu e that ca n be earned per MW of install ed capaci ty from pump ed storage, ass uming an on line ava ilability fac tor 01' 9 7%; resu lts are shown in Figure 6 and illustrate the impact of 75% and 80% effic ie ncy . It is clear that deregulated power markets show substantial di fferen ces in price patt ern s an d that these in turn impact the econo mic benefit of energy storage. Alberta, Ca nada has the highest potenti al annua l incom e from ene rgy stor age , in part du e to its wid e period of high power price, as shown in Figure I . T he re is negligible revenue potent ial in Scandinavia because the price spread is so low that revenue fro m eve n th e first hour of gene ration is near zero, whi le Alberta, the Ne therla nds and two ma rkets in Austra lia show a significa nt revenu e potential.
Ta ble 5: Daily r evenue fr om pumped energy stor age in der egul ated markets with an efficiency of 80'}' 0 
INVEST MENT IN PUMPED STORAGE
Th e ultimate test for energy storage is whether there is adequ ate return on investm ent from the net revenu e from purchase and resale of power. W e analyze thi s for pumped storage by two di fferent meth ods. both subject to the limitations noted abo ve: income from sale of ancillary serv ices, charges per MWh for di spatch and transmission access, and the impact of the investment in energy storage on future diurn al pric es are not included in this study .
Our first approac h is to define a theoretic al minimum level of investment in pumpe d storage, i.e. a theoreti cal proj ect in whi ch all factors align to m inimize net ca pita l cost. Thi s " best case" proj ect would utili ze ex isting bodi es of wa ter for the up per and lower reservoir , and an adjacent tran sm ission line for access to the grid, Hence, the net inves tment in the project would be for the land and access, penstock. reversible pu mp/turb ine an d aux iliary machinery, power hou se, sw itc hyard, investigatio n and en gi neeri ng . For a high head pumpe d storage facili ty we estimate this investment to be US $27 5 per MW of ca pacity in a 550MW plant; T able 6 shows the breakdown of the est imated m inimum co st plant. It is importa nt to note that investm ent in pum pe d storage has an economy of sca le, i.e. the ca pita l cost is not directl y pro portiona l to the capacity [Reference 15). Hence project size a ffects eco no mics , and return on investm ent is spe cific to a 0.0% Figure 7 show s the expected return for the 14 markets in this study ; the values can be thou ght o f as the maximum possib le pre-tax return on investment fro m pumped storage , since all real projects wou ld have higher investment than the "bes t case" and thus a lower return . Hence, it is clear from Figure 7 tha t pumped storage ca n never pass a m inimum test of ade quate ret urn, say 10% on capita l depl oyed , in 6 of the 14 markets in this study , No te th at proj ect s smaller than 550 MW wo uld have a lower return on investment than shown in Figure 7 .
Our sec ond approac h is to determine the largest amount of investment per un it of po w er output that ca n be justified in each market to earn a pre-tax return on capita l of 10< %; Tabl e 7 shows the values for eac h market in US do llars per KW, A lberta 's historical d iurnal price pattern would justify an investme nt of U S $ 1, 190 per KW , whi le New Eng land, Sp ai n, Aus tra lia V ictoria, Ne w Zealand Ben mor e, Austra lia New So uth Wa les , Germany Leip zig Exc hange and Sca ndinav ia would not j usti fy an investm ent in excess of US $300 per KW , It is agai n clear from Tab le 7 that no practi ca l pumped storage scheme op erated for the purpose of time shifting of energy w ill be j ustifia ble in many deregul ated power markets, 
DISCUSSION
Electricity has a tim e value in any dere gulated market. In such ma rket s, there is con siderable volatility, and pric e patterns vary significantly from day to day . However, from the per spe ctiv e of energy storage and resale on a diurna l cyc le, the long term ave rage price pattern in a deregul ated market give s a goo d first predic tion of the potent ial reve nue from the sto rag e and sa le of energy .
In this work, we have used histori cal price pattern s in deregul ated markets to compare the po tential for energy storage , usin g pumped sto rage as the model. All energy storage has both a capi ta l cost a nd an energy ineffic ienc y (power out vs. power in); the key question for a proj ect deve loper is whether the expected net reven ue from pumped storage j ustifi es the cap ital inves tme nt.
Th e revenue fro m ene rgy storage in a deregul ated mark et is determined by the shape of the diurn al price pattern. A lberta, which has a long dail y period of high power price and a long eve ning/mo rn ing period of low price, has the highest reve nue potential for pumped storage identified in this study . An hour by hour anal ysis of pumped storage is required to full y asses s an energy storage proj ect. Th is study makes clear that in many mark ets, the diurnal pattern simply does not j ustify any practical energy sto rage applicat ion; the allowable investme nt, based on the revenue potential, is far below the cost of any rea l project. Deregul ated power markets are not a ll alike.
We think of the process used in this study as a " first pass" scree ning, i.e. a meth od of first estimat ing the potenti al for energy storage in a give n deregul ated mark et. W he n an opp ortunity for energy storage is ident ified , seve ra l oth er factors need to be cons ide red:
• Is the histori cal diurnal pow er pric e an accura te predi ctor of future price? Two eleme nts must be consi de red in an ana lys is of the relationship between past and future prices: the likelihood of different price patterns , and the impact of the pumped storage itself on price patterns. Li an d Flynn [Refe ren ce 7] did a tim e ana lysis of power price patterns and fou nd that som e markets have experienced a single peri od of high power pric es. California and New Zea land are exa mples of thi s, w ith the Ca lifornia pri ce exc urs ions being relat ed substa ntially to mark et bidding behaviors and the New Zea land price beha viors bein g related to an unu suall y severe period of drought. Ne ither of these c ircumstances is expected to reoccur in the next 20 yea rs (bidding beh aviors in US markets are und er closer scrutiny and clearer ru les, and the drou ght in New Zealand wa s severe enoug h to have a low frequency of expectation ). On the other hand, there are legitimate conce rns of major po wer pr ice sw ing s, i.e. " boo m and bust" pricing, du e to delays in investm ent in new ge neration capac ity until pri ces are high coup led w ith a long co nstruction period for major po wer plant s; th is conce rn has led, amo ng othe r things , to a focu s by some parties on separating ene rgy and capacity auctions in deregul ated power mark ets. As we ll, as noted above, simply building energy storage wi ll have some impact on the pri ce pattern s in the market, parti cularl y if the capaci ty of the storag e is significa nt relati ve to the total market. In effect, energy sto rage " smoothes" the diurnal power pr ice pattern , although the extent to w hich thi s is significa nt would dep end on the am ount of storage re lative to the total size of the power mark et. T hus anyo ne scree ning investm ent in ene rgy storage mu st give careful thought about what histori cal prices to consider and how represent ative these pri ces will be of future price pattern s. As with all energy proj e cts, the proj ection of future price is a major determinant of the via bi lity of the project. • What is the cer tainty of future revenue from energ y storage? Ma ny po we r mar kets have limited liquidity in the futures market , and for ward buying and selling of power is normall y by "on peak" and "off peak " blocks. Th e lack of liquidity means that an investor in energy storage w ill have limited oppo rtun ity to lock in futur e revenu es, and instead will face the investm ent risk of po ssibl e futur e cha nges in diurnal pric e pattern . • W hat is the impact of variable system charges on the net reve nue? As thi s study shows for two exa mples in A lberta, Ca nada, system charges, in parti cular transm ission access charges, can have a signi fica nt impact on the net revenu e avai lable from energy storage . Trans miss ion related charges often are locati on spec ific , and this impact would have to be factored in to any ana lys is of investment in energ y storage. • Ancillary services can often be bid as an alternative to energy sales [Referen ces 9, 10, 13, 14, 17] , and a pump ed stora ge operato r could make a day by day, and in so me markets an hour by hour decision about whether to sell ancillary services or energy ; such a decision would made based on maxim izin g expecte d revenu e. T he rules for bidding anci llary services are too complex , and the pri ce data too difficul t to source, to allow for the inclu sion of an ana ly sis of an cillary service s in this study of 14 different deregul ated power mark ets, but it would be a factor in analyzi ng any spec ific project. 
CON CLUS IONS
Fo ur teen deregulated power markets were assessed for the pot ential for investment in energy storage, wit h pump ed storage as the mode l investment. Net revenue from energy storage and res ale depends on the energy efficiency of the project and the d iurnal patt ern of power price . There are s ignificant differen ces in histori cal average price pattern s bet wee n the 14 deregul ated pow er mark ets. As a result, the pot ent ial for economic pumped storage varies w ide ly. A lbe rta, the Ne therlands, A ustra lia Qu een sland and So uth Australia have so me potent ial for ade quate return on investm ent in pumped storage, but for the major ity of markets in th is study the diurnal price pattern does not j ustify the inve stment.
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